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We report here the first experimental evidence of a self-assembling three-dimensional (3D) peptide hydrogel, with recognition motifs immobilized on the surface of fibres capable of sequence-specific oligonucleotide detection. These systems have the potential to be further developed into diagnostic and prognostic tools in human pathophysiology.
There has been a rapid development of new detection devices and biosensors over the past ten years, in particular in the biomedical field where identification of single or multiple nucleotide polymorphisms could be crucial in recognising patient susceptibility to certain monogenic or complex diseases. [1] [2] [3] [4] [5] [6] Modern DNA microarrays typically comprise of tens to thousands of 10-100 µm reaction sites, thus allowing the simultaneous analysis of thousands of nucleic acid sequences in a single experiment. [7] [8] The majority of these systems rely on sequence-specific hybridisation of target DNA or RNA sequences, with probe oligonucleotides immobilized to a surface, and typically use optical, [9] electrochemical [10] or gravimetric detection [11] to monitor binding events. There are still major challenges with such technology, which is limiting their successful transition to the commercial market. [12] [13] [14] These include high fabrication costs, poor sensitivity and accuracy, a lack of reproducibility, and significant divergence in the results of different devices on identical samples. [15] [16] [17] Moreover, even minor improvements in bioassay performance can very often be accompanied with substantial technological and conceptual complexity, which makes it incompatible with clinical application at point-of-care settings. [18] One approach to overcome such issues is to use a 3D polymer network as the solid-phase support. Such materials are relatively inexpensive, amenable to established detection techniques, and can enhance bioassay sensitivity due to a marked increase in analyte storage capacity. [19, 20] Their functionalization, however, is difficult to control and requires additional synthetic steps. Self-assembling peptide-based hydrogels share the desirable material properties, but in contrast their functionalization can be controlled precisely, on a molecular level using the principles of supramolecular chemistry. [21] Although they are currently more expensive to produce synthetically than simple polymers, there has been much recent progress towards reducing their cost significantly through bacterial expression. [22] Peptide hydrogels also benefit from providing a more biologically-relevant environment for sensing to occur, [23] 'smart' responsivity to stimuli such as pH and temperature, [24] [25] [26] self-healing properties that are amenable to rapid custom array production for personalised medicine, and can be dried for long-term storage, hence protecting oligonucleotides against nuclease degradation. [27] These biosensors are envisioned to be used in 96-well plates, or deposited onto chips, with analyte solution introduced to the surface. Through the use of positively-charged hydrogels (+2 charge per peptide at pH 7, Figure S1 , see SI), we aim to improve the biosensor sensitivity through an increase in the local concentration of negatively-charged target DNA around the sensing elements. The success of this approach has been previously reported in similar systems, such as in mercury detection using acrylamide gels. [28] In this pilot study, the proof-of-principle level was achieved by using a simple molecular bio-recognition system which coassembles with an octapeptide to form hydrogel-based biosensors capable of selectively hybridizing DNA and generating a fluorescent output (Figure 1 ). This has never been reported before, and any previous attempts to incorporate DNA aptamers (e.g. via chemical modification during the gelation stage or via non-covalent attachment by mixing DNA aptamers within polymer gels) have not been successful due to poor homogeneity, lack of reversibility, and undesirable leakage of DNA aptamers. [29] Detection of the molecular DNA recognition and binding events was achieved here at a proof-of-principle level through hybridization between a DNA recognition motif CGATTCTGTGTT and a molecular beacon (MB) fluorescent probe F-5' -CGATTCGCCAAACACAGAATCG-3' -D, where F is fluorescein and D is dabcyl. The recognition motif was conjugated to a modified version of the self-assembling peptide and incorporated into the peptide hydrogel through co-assembly with the base peptide ( Figure 1 ). In isolation, the MB forms an internal six-residue stem region that holds the fluorophore and quencher together to form a FRET pair ( Figure S2 , see SI), leading to a complete quench of fluorescence. The stem region can be displaced by hybridization between the remaining single-stranded residues of the MB and the recognition motif, due to the formation of a more stable duplex comprising 12 Watson-Crick complementary base pairs. This leads to the separation of fluorescein and dabcyl and generates a strong fluorescent signal. The base peptide Val-Lys-Val-Lys-Val-Glu-Val-Lys was used in this pilot study as it is well-known to form flexible fibres comprising antiparallel β-sheets stacked perpendicular to their long axes (where Val is valine, Lys is lysine, and Glu is glutamic acid). [30] Above a critical concentration of 10 mM under physiological conditions these entangle to form hydrogels that contain > 98 % w/v water, with a swelling ratio of 51. The average fibre diameter was found to be 5.27 nm (SD = 0.54 nm, n = 50, Figure S3 , see SI). Moreover, these short peptides have previously been shown to accommodate modified components within their structure, which are displayed and are accessible on the surface of the fibre. [31] [32] [33] [34] No significant difference in fibre morphology was observed with the addition of analyte oligonucleotide or sensing elements (average diameter 5.02 nm, SD = 0.67 nm, n = 50, Figure 3 ). The peptide-oligonucleotide conjugate was synthesised by covalently linking the oligonucleotide CGATTCTGTGTT recognition sequence to the modified self-assembling peptide Gly-Gly-Val-Lys-Val-Lys-Val-Glu-Val-Lys using thiol-maleimide chemistry ( Figure S4 , see SI). The peptide was synthesised using standard Fmoc-based solid phase synthesis procedures and functionalized with N-maleoyl β-alanine at the N-terminus. The oligonucleotide was functionalised with a hexyl-thiol group at the 5' end. A two-glycine spacer was introduced to provide a flexible linker between the peptide fibres and DNA recognition motif. The reaction was monitored using reversedphase HPLC, and the isolated conjugate was characterised by 1 H NMR spectroscopy and mass spectrometry ( Figure S5 and 
S6, see SI).
To validate the chosen system, hybridisation between the MB probe and its partner DNA was initially studied in solution (i.e. 100 mM TRIS buffer, pH 7.2, containing 200 mM KCl; full experimental details are given in the SI). In isolation, both components (MB and unbound peptide-oligonucleotide conjugate) were entirely fluorescently silent (Figure 2(A) ; blue and magenta curves, respectively), but when mixed together in an equimolar ratio in solution, a 100-fold (or greater) increase in MB fluorescence was observed at 518 nm (λ ex 494 nm, Figure 2(A) ; black). This strong fluorescent signal is presumably due to hybridisation of the MB with the oligonucleotide component of the conjugate, causing the MB FRET pair to separate. The intensity of the generated fluorescent band (Figure 2(A) ; black) was very similar to that produced by hybridisation of the MB with the free oligonucleotide CGATTCTGTGTT (Figure 2(A) ; red), indicating that the binding ability of the oligonucleotide is largely unaffected by its conjugation to the peptide. To determine whether the hydrogel environment had a detrimental effect on interactions between the MB and its partner, experiments identical to those described previously in TRIS buffer were performed, but within a hydrogel environment (21.5 mM base peptide, pH 7.2). As expected, the hydrogel was fluorescently silent (see Figure 2(B) ; blue), while the MB showed some background fluorescence when physically mixed within the hydrogel (Figure 2(B) ; magenta), presumably due to some degree of interaction of the MB with the hydrogel. The addition of the partner CGATTCTGTGTT to this system resulted in a 125-fold increase in fluorescence as compared to the background fluorescence from the base hydrogel ( Figure 2(B) ; red). This showed a similar level of fluorescence enhancement as compared to that seen in The hydrogel is fluorescently silent (blue), while the MB shows some low background fluorescence in this environment (magenta). Hybridisation of the MB probe with the DNA-recognition motif incorporated into the 3D hydrogel generates a strong fluorescence signal (black; λem =526 nm, λex = 494 nm). This is higher than observed for MB and conjugate in a hydrogel environment (red). All components were at 1 µM concentration for the experiments shown. Hydrogels formed using 21.5 mM peptide, at pH 7.
solution, demonstrating that the hydrogel did not have a detrimental effect on the hybridisation detection process. Interestingly, an 8 nm red-shift of the emission λ max was observed, which presumably suggests there is an interaction between the DNA and the oppositely-charged peptide fibres. The performance of a self-assembling DNA hydrogel biosensor was directly compared with the analogous detection system in solution using identical concentrations of the MB and conjugate. To form the hydrogel-based biosensor, nonfunctionalised peptide (21.5 mM, pH 7) was co-assembled with the peptide-oligonucleotide conjugate (1 µM; giving a doping level of 4.65 × 10 −3 % within the hydrogel, Figure 1 ). As such the oligonucleotide sequence should be exposed on the surface of the fibres, ready to hybridize with the complementary MB. As expected, the functionalised hydrogel remained fluorescently silent over 24 hours of pre-incubation at 20°C. Gratifyingly, strong fluorescence was immediately observed upon addition of the MB (Figure 2(B) ; black), with a similar intensity to that observed previously in homogeneous solutions (i.e. in TRIS buffer). Fluorescence emission of this fully-assembled model system was also red-shifted by 8 nm showing a fluorescent emission at λ max at 526 nm. The rate of signal development was found to be approximately halved in a hydrogel environment compared with that in solution, as may be expected due to a slower rate of diffusion. The halfmaximal signal was observed at 7.9 and 4.3 minutes after preparation, respectively ( Figure S7, see SI) .
To estimate the lowest limit of the conjugate doping level at which a detectable signal could still be confidently measured, an array of the hybridisation experiments were carried out ( Figure S8, see SI) , where the concentration of the peptideoligonucleotide ranged from 200 to 0.02 nM. The base peptide concentration remained the same throughout the experiments at 16.1 mM to form weaker hydrogels, thus improving response times. The resulting doping level of the peptideoligonucleotide conjugate relative to the non-functionalised peptide was varied, therefore, from 1.24 × 10 −3 to 1.24 × 10 −7 %. To achieve this, 250 l of hydrogel biosensor containing different doping levels of the peptideoligonucleotide conjugate were deposited into individual wells in a 96-well plate, and incubated for 1 hr at 20°C. The MB (50 µl aliquot) was introduced on top of hydrogel at molar concentrations identical to those of the DNA recognition component of the conjugate, and fluorescence spectra were recorded after 24 hrs of incubation at 20°C. As can be seen from Figure S8B (see SI), the lowest concentration of the conjugate in the hydrogel that allowed detection with a reproducible signal (with the signal-to-noise ratio of 200:1) was 50 pM. This corresponds to a conjugate doping level of only 3.11 × 10 −7 %. The lowest concentration at which an immediate response can be observed was 2 nM (1.24 × 10 −5 % doping, Figure S8A , see SI). These experiments allowed us to explore the possibility of reducing the overall cost of bio-assay systems by considerably lowering the doping levels of the functionalised peptides within the hydrogel. Taking this further, we evaluated the analytical performance and capability of this novel biosensor by estimating the limit of detection (LoD) for this model assay system. This corresponded to the lowest quantity of the MB that can be reliably distinguished from the 'blank' sample, with a 95 % confidence interval. The detection limit was estimated from the mean value of the 'blank' samples (n=132, Mean blank ), the standard deviation of the 'blank' (SD blank ) and the standard deviation of the 'low concentration sample' test replicates (n= 88, SD lcs ) of a sample containing 50 pM analyte, using the published protocol. [35] Firstly, the limit of 'blank' (LoB) was estimated using Equation 1:
Given a Gaussian distribution of the raw analytical signals from the 'blank' hydrogel samples, the LoB represents 95 % of the observed values, which corresponds to the 'zero' sample concentration. From this the LoD was estimated using Equation 2: [35] LoD = LoB + 1.645(SD lcs )
The LoD was found to be 22 pM, which represents the lowest analyte concentration at which the detection is feasible using this pilot analytical system. This value is commensurate with other detection methods currently reported, demonstrating at a proof-of-principle level that a self-assembling peptide hydrogel can be used as the solid support on which molecular biorecognition oligonucleotide elements can be immobilized, to fish out and sense complementary DNA sequences. The strong fluorescence signal generated upon hybridisation provides the first experimental evidence of such a DNA-based biosensor that operates in 3D, and in a biologically-relevant environment.
Conclusions
In conclusion, we have demonstrated that de novo designed peptide-based hydrogels can be used as a 3D solid support on which oligonucleotides can be immobilized and detect complementary sequences, with a detection limit of 22 pM. The lowest doping level of the conjugate in the hydrogel that allowed detecting a reproducible fluorescent signal (with the signal-to-noise ratio of 200:1) was found to be 3.11 × 10 −7 %.
This has not been accomplished before, and compares favourably with established 2D systems that use similar detection techniques. The unique properties of peptide hydrogels also enable biomolecule detection under biologically-relevant conditions, minimize unwanted probeprobe interactions, and have the potential to hugely increase the analyte storage capacity of these devices. Here we have described a proof-of-concept system in which recognition elements are covalently attached to the hydrogel, and an MB sequence was used as a detector to signify the hybridisation event. Future work will focus on reversing the system, attaching the MB fluorescent probe to the peptide fibres to enable detection of unmodified, biologically-relevant sequences. Once accomplished, this technology has the potential to be applied towards the detection of other biomolecules, and even small molecules through the use of aptamers, which is of pressing need in areas such as drug identification, biomedical diagnostics, and pollutants in environmental monitoring.
